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Chapter 1
Introduction
Technological developments achieved in the ﬁeld of nuclear physics have been
later applied to medicine. In fact, high energy ionizing radiation produced
by accelerators can be used to cure cancer. This method works by targeting
the tumor with ionizing particles, which damage the DNA of the cells of the
tissues causing their death. Due to their reduced ability to repair damaged
DNA, the cancerous cells are vulnerable to these attacks [1].
There are several techniques to treat cancer, depending on the radiation
used; conventional radiotherapy uses X-rays, while hadron therapy uses pro-
tons (proton therapy) or light ions up to carbon. The main diﬀerence between
conventional radiotherapy and proton therapy resides in the way the diﬀerent
types of particle release their energy in the tissue of the body as they pass.
X-rays release a large part of their energy at the beginning of the path and
then have an exponential decrease as the radiation penetrates deeper inside
the body. In fact, the dose delivered to the patient from X-rays is roughly
only one third of the total energy of the beam; the rest of the energy exits
from the opposite side to the point of entry. Protons instead release little of
their energy at the beginning of the path and most of their energy in the last
few centimeters in the so-called Bragg peak. Beyond the Bragg peak, the
dose falls to zero (for protons) or almost zero (for light ions).
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The characteristic shape of the dose-depth distribution in tissue for both
X-rays and protons is shown in ﬁgure 1.1 along with the location of a sup-
posed deep-seated tumor. As illustrated by the ﬁgure, it is this physical
property of protons and ions that makes them better suited for treating
deep-seated tumors: the characteristic shape of the Bragg peak allows the
dose to be concentrated at depth in the tissue, rather than near the surface
as in the case for X-rays. As such, using protons means that less energy
is deposited in the healthy tissues surrounding the target tumor, sparing it
from unnecessary damage.
Proton therapy is a technique capable of reaching tumor masses at var-
ious depths, however in practice, the Bragg peak is too narrow to cover a
thick tumor, unless the energy of the particle beam is modulated in order to
add many narrow peaks (SOBP-Spread-Out Bragg Peak see ﬁgure 1.1). In
clinical practice, changing the beam energy has traditionally been done us-
ing variable-thickness absorbers placed in the beam path before the patient.
However, in modern accelerators, as we shall see, this can be done by chang-
ing the energy of the beam by controlling the operation of the accelerator
itself.
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Figure 1.1: Illustration comparing the dose-depth distribution between X-rays and pro-
tons [3].
Over time physicists have developed particle accelerating machines (usu-
ally called particle accelerators) with the aim to study nuclear matter. These
machines are able to increase the speed and energy of ions and protons (or
electrons in conventional radiotherapy), pushing them up to the energies
needed in order to penetrate into the patient body to the necessary depth
for treating tumors.
Accelerators are devices that accelerate charged particles using an elec-
tric ﬁeld. In order to have compact machines one can think of using multiple
times the same electric ﬁeld; this is possible in circular machines such as
cyclotrons or synchrotrons. Usually, due to the energy required for clinical
use, these accelerators are large. In fact, conventional radiotherapy was de-
veloped earlier since accelerators capable of accelerating electrons (which are
then used to produce the X-rays used in therapy) at the needed energies are
smaller, cheaper, and easier to operate in an hospital than those capable of
accelerating protons. The reason is mainly based on the fact that the electron
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is 2000 times lighter than the proton, and consequently easier to accelerate
to the energies needed for therapy.
So far, hadron-therapy centers have used only these two types of machines:
 cyclotron: is a type of particle accelerator in which charged particles
accelerate outwards from the center along a spiral path. The particles
are held in a spiral trajectory by a static magnetic ﬁeld and accelerated
by a rapidly varying electric ﬁeld. Cyclotrons were the most powerful
particle accelerator technology until the 1950s when they were super-
seded by the synchrotron, and are still used to produce particle beams
in physics and nuclear medicine;
 synchrotron: is a particular type of cyclic particle accelerator, de-
scended from the cyclotron, in which the guiding magnetic ﬁeld (bend-
ing the particles into a closed path) is time-dependent, being synchro-
nized to a particle beam of increasing kinetic energy.
Another type of accelerator is the linear accelerator, also called a LINAC.
Up to now, linear accelerators have not been used in proton-therapy for
several reasons. These include: the size required to reach clinical energies, the
complexity of the RF system, and the beam characteristics. That being said,
a proton LINAC for therapy would work in the following way: protons are
accelerated in copper structures (or cavities) which compose the accelerator.
At the end of the linear accelerator the beam is steered and focused by
magnetic dipoles and quadrupoles towards the treatment rooms where active
scanning magnets are used to direct the beam towards the tumor which needs
to be irradiated.
Accelerators used for proton therapy typically produce protons with en-
ergies in the range of 70 MeV (energy needed to treat ocular tumors) to 230
MeV. The later is the energy needed to reach a depth of 32 cm in tissue, that
which is needed for treating even deep-seated tumors.
Already for some years hadron-therapy facilities have been developed
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worldwide; ﬁgure 1.2 shows the number of active facilities for the period
between 1954 and 2013. A signiﬁcant increase over the years can be ob-
served.
In ﬁgure 1.3 is shown the number of particle therapy facilities in various
countries of the world currently in operation; Japan and the USA are the
countries with the highest number of facilities.
Figure 1.2: Number of active hadron-therapy facilities in the world over the period from
1954 to 2013. [2].
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Figure 1.3: Particle therapy facilities in operation in the world during the year 2013 [2].
Chapter 2
THE LIGHT PROJECT
2.1 Overview of LIGHT
LIGHT (LINAC for Image Guided Hadron Therapy) is a linear accelerator
for proton-therapy designed and built by A.D.A.M. (Applications of Detec-
tors and Accelerators to Medicine) SA. A.D.A.M. is a Company inspired
by CERN, founded in December 2007 to promote scientiﬁc know-how and
innovations in medical technology. LIGHT can accelerate protons up to 230
MeV. This is the maximum energy from the clinical point of view, since it
allows to reach even the deepest seated tumors (at a depth of about 32 cm).
There are a lot of advantages when comparing LIGHT (the ﬁrst high
frequency LINAC ever used in proton-therapy) to circular accelerators (cy-
clotrons and synchrotrons). The main ones are:
 Precision: the system has an active longitudinal modulation along the
beam propagation axis; energy and hence the treatment depth, can be
electronically varied during therapy rather than using a passive modu-
lation system; the LIGHT system has a dynamic transverse modulation
that allows a precise 3D treatment of the tumors.
 Modularity and compact: LIGHT consists of a assembly of modular
10
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units and it can be extended to higher energies by means of an in-
stallation of additional units, without dismantling then re-installing a
completely new system. In addition, the entire accelerator is compact
for reducing the size and costs of the building construction.
 High frequency: the very short pulse (a few microseconds) typical of
the LINAC and the high repetition frequency are extremely useful to
perform a highly conformational therapy based on a fast 4D spot scan-
ning of the tumor, achieved by a spatial and intensity modulation of
the beam. The pulse current will be varied on a pulse-to-pulse time
scale with a range of variation as large as three orders of magnitude and
the beam energy will be varied electronically, by changing the power of
the klystrons supplying the accelerator structure [3].
2.2 Introduction to diﬀerent types of acceler-
ating cavities (RFQ, SCDTL, CCL)
A resonant cavity is a volume enclosed by metallic walls that contains an
electromagnetic ﬁeld. Accelerators usually use cavities working in the radio
frequency regime, so they are called RF cavities.
The diﬀerent types of accelerating cavities used in the LIGHT accelerator
are explained below:
 RFQ (Radio Frequency Quadrupole): allows through the presence of
the RF ﬁeld to accelerate, focus and bunch a beam of charged particles
with high eﬃciency at low β values. An RFQ is constituted by four
parts, namely an RF cavity occupied by four electrodes. By applying
an alternating voltage to the four electrodes with opposite polarity
between an electrode and the adjacent one the beam is focused in the
transverse direction, similar to a electro-magnetic quadrupole. Because
of the electrodes special shape (shown in ﬁgure 2.1) there is also an
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axial component of the electric ﬁeld which gives the acceleration to
the beam. This acceleration also causes a longitudinal focusing. The
exact shape of the electrodes must be matched to the expected velocity
of the particles within the structure in order for acceleration to occur
correctly. RFQs are typically used as a primary injector into higher
energy accelerating structures. Figure 2.1 shows a sketch of the vanes
of an RFQ and the electric ﬁeld conﬁguration.
Figure 2.1: A schematic drawing of an RFQ, showing the characteristic shape of the
vanes which results in acceleration, focusing, and bunching of the beam.
 SCDTL (Side Coupled Drift Tube LINAC): is a compact accelerating
structure composed of a set of DTL (Drift Tube LINAC) tanks (see
ﬁgure 2.2) that oscillate at a given RF frequency. These are coupled
through coupling cavities placed outside the axis of propagation of the
beam, so that it is possible to accommodate small permanent magnet
quadrupoles after each tank to solve the problem of the transverse fo-
cusing of the beam within the cavity itself. The DTL is composed of a
CHAPTER 2. THE LIGHT PROJECT 13
cylindrical resonant cavity within which the necessary RF ﬁeld is deliv-
ered to accelerate the particles. The DTL contains hollow cylindrical
drift tubes along the beam axis inside which the electric ﬁeld is zero.
Between the cavities, the electric ﬁeld is present during the passage
of the particles, thereby giving an acceleration. In order to remain in
synchronization, the length of the cavities increases as the particles are
accelerated, and the ﬁeld in the inter-cavity sections oscillates at the
correct frequency so that it is always in the accelerating direction.
Figure 2.2: 1. DTL tank; 2. drift tubes.
 CCL (Coupled Cavity LINAC): A CCL structure (see ﬁgure 2.3) con-
sists of an array of resonant cavities coupled together to form a multi-
cavity accelerating structure. Accelerating cavities are alternated with
coupling cavities that are normally unexcited (electric ﬁeld close to
zero) but serve to stabilize the ﬁelds in the accelerating cavities against
perturbations due to machining errors. The coupling cavities can be
along the axis or on the side (Side Coupled LINAC) to accommodate
permanent quadrupoles for focusing.
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Figure 2.3: CCL structure.
2.3 Description of the LIGHT accelerator
The use of the 3 GHz RF frequency is the main innovative idea of LIGHT.
The use of this frequency is unusual for protons as most proton LINACs
operate with intense beams, a property which is incompatible with high
frequencies. For tumor treatment weak intensities are required and therefore
the 3 GHz technology is applicable. The idea is to use the 3 GHz frequency
for almost the entire linear proton accelerator, except for a part as short as
possible at the beginning where one can use a subharmonic of 3 GHz. The
beam has to travel across a cell of the structure in a time of the order of
the RF period. This is the reason for not applying the 3 GHz frequency
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from the beginning since at low velocities the cell dimensions would become
too small causing a dramatic drop in a value known as the shunt impedance
which characterizes the eﬃciency of the accelerator. For the energies below
37.5 MeV a combination of a RFQ accelerator and a SCDTL will be used.
After, there is a CCL structure that operates at 3 GHz from the energy of
37.5 MeV up to the energy of 230 MeV [3]. A sketch is shown in ﬁgure 2.4.
Figure 2.4: Sketch of the various accelerating structures and their lengths composing
the LIGHT accelerator. The proton source is also shown.
Some main features of the accelerator are that the beam peak current at
the CCL exit can vary between 320nA and 32µA, the pulse length is between
0.5µs - 5µs at 200Hz frequency with a duty cycle of 0.01-0.1%. Taking into
account beam losses due to mismatching errors, a maximum current of 50
µA is needed at the exit of the injector.
2.3.1 The Radio Frequency Quadrupole (RFQ)
The output energy of the RFQ has to be a compromise between the require-
ment of a short and good eﬃciency structure and an energy value suﬃciently
high to be compatible with the following accelerating structure. The RF
frequency should be a sub-harmonic of the higher frequency (2997.92 MHz).
The jump in RF frequency between the RFQ and the following accelerator
should be minimized to optimize the longitudinal capture of the beam pro-
duced by the injector; therefore the fourth sub-harmonic (749.48 MHz) is
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chosen.
The accelerator up to the RFQ will be composed by the following sub-
system:
 a source with an output energy close to 40 keV. The maximum allowable
output pulse current delivered by the source should be 300µA;
The source will include:
 a focusing system made of electrostatic lenses;
 a velocity ﬁlter;
 a beam chopper to make pulses of the requested length;
 a collimator to limit the beam intensity to the required value and to
eliminate aberrations eventually introduced by the lens;
The source will be followed by:
 a RFQ cavity of the 4 vane type operating at the 4th subharmonic of
2997.92 MHz accelerating the beam from 0.04 MeV to 5 MeV [3].
The main beam parameters are listed in table2.1
PARAMETER VALUE
Input energy 0.04 MeV
Output energy 5 MeV
Operating frequency 749.48 MHz
Output peak current up to 50µA
Transverse emittance 0.25pimm mrad
Length 2m
Energy spread ≤40 keV
Pulse length (top) up to 10µs
Repetion rate up to 200 HZ
Table 2.1: Main beam parameters for the RFQ linear accelerator [3].
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2.3.2 The Side Coupled Drift Tube LINAC (SCDTL)
The SCDTL structure will follow the RFQ and is developed in collaboration
with ENEA, Frascati, Rome.
The SCDTL structure consists of four modules which will accelerate pro-
tons from 5 to 37.5 MeV. The four modules have a diﬀerent number of tanks
and a diﬀerent number of cells per tank, the total length is approximately 6
m and the power needed would be ∼ 8 MW.
The SCDTL will be powered by two RF units each providing a maximum
RF power of 7.5 MW. It is expected that the power will reach the four
SCDTL modules via a system of waveguides, including a circulator, magic
tees, several loads and gas ports for SF6 gas which helps to prevent arcing
inside the RF waveguides.
Figure 2.5: SCDTL tanks resonantly coupled together, the PMQs are located in the
inter-tank spaces on the beam axes [3].
The main beam parameters of the SCDTL are listed in table2.2.
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PARAMETER VALUE
Input energy 4.5 MeV
Output energy 37.5 MeV
Operating frequency 749.48 MHz
Output peak current up to 50µA
Transverse emittance 0.25pimm mrad
Length 2m
Energy spread ≤40 keV
Pulse length (top) up to 5µs
Repetion rate up to 200 HZ
Table 2.2: Main beam parameters for the SCDTL [3].
2.3.3 Coupled Cavity LINAC (CCL)
The CCL has been developed at Los Alamos National Laboratory (LANL),
USA, about forty years ago.
In order to focus the beam the cells are put together into tanks of limited
length and between the tanks permanent quadrupoles (PMQ) are placed.
The electromagnetic ﬁeld passes from one tank to the next via a bridge
coupler (see ﬁgure 2.6), which has two functions:
 joins two tanks in a unique coupled resonant structure;
 provides the coupling between the module and the waveguide for in-
jecting the RF power.
The cell geometries of the CCL tanks have been optimized with a collection
of programs for calculating static magnetic and electric ﬁelds called SUPER-
FISH. The accelerating and coupling cells in a tank are of the same length
and the length increases when going downstream in the accelerator.
The CCL contains 30 tanks grouped into 15 modules, divided into 10
RF units. For each cell there are two pieces that are equal; a single piece is
derived in such a way as to have a half accelerating cavity on one face and
half coupling cavity on the other face (see ﬁgure 2.7).
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The CCL is less than 20 meters long and consumes approximately 41 MW
of peak RF power, while the total RF peak power which will be provided by
the modulator klystron units is 75 MW. The main beam parameters for the
CCL are listed in table 2.3 [3].
Figure 2.6: CCL tanks connected via a bridge coupler; a permanent quadrupole is placed
between the tanks [3].
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Figure 2.7: Example of possible CCL structure [3].
Parameter Unit Value
Output energy [MeV] 70 - 230
Output peak current [μA] 32
RF duty cycle [%] 0.01-0.1
Nr power units 10
Nr modules per unit 1 -2
Nr tanks per module 2
Tot nr of tanks 30
Nr acc cells per tank 18-22
Table 2.3: Main beam parameters for the CCL LINAC [3].
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2.3.4 The RF power system
The power will be provided by 12 modulator klystron units. Each RF power
unit should provide a RF peak power of 7.5 MW. Considering a maximum
repetition rate of 200 Hz and a pulse length of 5 µs, the maximum average
power per unit be 15 kW. A 3D drawing of a modulator klystron unit followed
by the RF network system can be found in ﬁgure 2.8. In this image only two
RF lines going to two CCL modules are shown. The main modulator RF
parameters are listed in table 2.4.
Parameter Value
Number of modulator klystron units 12
Modulator peak power 25 MW
RF peak power 7.5 MW
Average power 15 kW
Voltage range up to 190 kW
Current range up to 132 A
Pulse length (top) 0.5 - 5 µs
Repetition rate up to 200 Hz
Table 2.4: Modulator RF parameters for the CCL [3].
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Figure 2.8: A 3D drawing of a modulator klystron unit followed by the waveguide system,
including the circulator, magic tees, several loads and gas ports for the SF6 gas.
The RF power delivered by the RF power system is brought to the ac-
celerator via the RF network system. Every RF power unit (composed by a
modulator and a klystron) needs to power 2 modules (4 tanks). For every
CCL unit the RF network system will be composed by the following elements:
 a 7.5 MW peak power circulator able to discharge the reﬂected power
on a 7.5 MW peak power load;
 three magic tees, every one of them splitting the power in two;
 a total of seven between H-band and E-band arcs;
 a system of waveguides with proper vacuum ports;
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 3 bi-directional couplers reading incident and reﬂected power for the
power coming out of the klystron and the one going to every module.
All these elements including possible arcs have to be ﬁlled with the
quenching gas SF6 which is inserted by appropriate gas ports; the LINAC
will instead have to be under vacuum, therefore RF windows will separate
the SF6 and the vacuum.
2.3.5 Others systems
The LIGHT accelerator will not only be composed by the accelerating struc-
tures and the RF power and network systems, but several other systems have
to be designed as well.
 COOLING SYSTEM: the cooling system shall provide water circulat-
ing in diﬀerent lines for the following elements: modulator and klystron,
RF circulator and load, magic tees, high power loads, all accelerating
modules, waveguide network and electromagnetic magnets;
 VACUUM SYSTEM: the vacuum in the accelerator needs to be main-
tained at 10−8 mbar by several ion pumps. A turbo pump and a rotary
one are used for the pre-vacuum;
 DIAGNOSTICS SYSTEM: diagnostic devices of small axial thickness
will be installed in the beam line from beginning until the end in order
to monitor the proﬁle of the beam, its shape and its current. The
scope of this thesis project concerns the beam diagnostics system of
the LIGHT accelerator which will be described in more detail in the
following chapter;
 CONTROL AND INTERLOCK SYSTEM: the accelerator control and
safety system will be mainly based on commercial hardware: Siemens
PLCs and PXIe based electronics.
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2.3.6 Energy variation
The LIGHT system has an active longitudinal modulation along the beam
propagation axis (beam energy, and therefore the treatment depth, can be
electronically varied during therapy), rather than using a passive modulation
system (where the ﬁxed initial energy is degraded through the interposition of
variable thickness energy absorbers between the accelerator and the patient,
causing a quality loss of the beam). The beam energy can be varied elec-
tronically, by changing the power of the klystrons supplying the accelerator
structure or it can be varied with RF instruments like balancers and phase
shifters. A 3D model of the entire LIGHT accelerator is shown in ﬁgure 2.9.
Figure 2.9: A 3D model of the LIGHT accelerator.
2.4 LIGHT at CERN
The LIGHT project goal at CERN foresees the design, installation and op-
eration of a proton linear accelerator up to the energy of 90 MeV [4]. The
accelerator will be mounted and installed in a speciﬁcally built bunker, which
requires shielding against the radiation produced by the machine. A drawing
of the bunker is shown in ﬁgure 2.10.
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Figure 2.10: Expected conﬁguration of the LIGHT accelerator in the bunker at CERN
for commissioning to 90 MeV.
Chapter 3
Measurement of beam current
3.1 Overview of Beam Diagnostics
The Beam Instrumentation and Diagnostics are a key component of an ac-
celerator since it allows to understand the properties of the accelerated beam
and then to optimize the parameters of transport. There is a wide variety
of parameters that can be measured (such as the intensity, and longitudinal
and transverse properties) in order to understand if the accelerated beam is
behaving as expected and that certain properties are controllable as required
by the needs of the accelerator's application.
The type of instrumentation diﬀers depending on the accelerator; for
example, to measure beam position in a linear accelerator with low current
intensity a proﬁle grid which intercepts the beam is normally used, since it
absorbs only a small amount of energy. In high-current accelerators this is
not possible because the energy deposited in the device itself is enough to
destroy it. In this case, position detectors based on a capacitive pick-up are
used; though these do not intercept the beam, they still manage to provide
information about its properties and structure.
Table 3.1 gives an overview of the most common types of beam diagnostic
instruments. Also given is the physical eﬀect that the instruments rely upon
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to make their measurement, the measured quantity, and their eﬀect on the
beam itself.
INSTRUMENT PHYSICAL EFFECT MEASURED QUANTITY EFFECT ON BEAM
Faraday cup Charge collection Intensity Destructive
Current transformer Magnetic ﬁeld Intensity Longitudinal beam shape Non destructive
Wall current monitor Image current Position Non destructive
Pick-up Electric/magnetic ﬁeld Transverse size/shape, emittance Non destructive
Secondary emission monitor Secondary electron emission Transverse size/shape Destructive low energies
Wire scanner Secondary particle creation Transverse size/shape Slightly disturbing
Scintillator screen Atomic excitation with light emission Transverse size/shape (position) Destructive
Residual gas monitor Ionization Transverse size/shape Non destructive
Table 3.1: Common beam diagnostic devices and the physical eﬀect, quantity measured,
and eﬀect on the beam [7].
Normally the yield of information from the diagnostic devices follows
three successive steps from the measurement up to the display of the quan-
tity of interest, as shown in ﬁgure 3.1 for the case of an electromagnetic beam
position monitor. The measurement starts with the interaction of the beam
with the detector. The signal produced by the detector then has to be am-
pliﬁed and shaped. Low noise processing is important at this step. In most
cases this is done close to the beam pipe. Finally, the ampliﬁed signal must
be transferred out of the accelerator area to a local electronics room. The
distance between these two locations can be up to several 100 m, depending
on the layout of the installation.
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Figure 3.1: Schematics of a typical beam diagnostics installation. The beam signal is
modiﬁed by analogue electronics and digitized in a local electronics room [5].
Once the signal has been received in the local electronics room it might
be combined with other parameters as given by the accelerator settings. This
is done in most cases with analogue electronics. The modiﬁed signal is then
digitized and stored using an oscilloscope or a digital bus system. The data
are passed to a PC or a workstation located in the operator's control room.
Here the visualization is done providing only the necessary information. The
parameters and control settings of the accelerator, like magnet currents or
RF voltages, can then be adjusted from the control room to inﬂuence the
beam based on the measurements of the beam diagnostics. The resulting
eﬀect on the beam is then observed with a new set of measured data [5].
3.2 Beam diagnostic current measurements
The beam current is the ﬁrst check of accelerator functionality, and must be
determined in an absolute manner. It is important to know the transmission
between the structures and to prevent beam losses.
Figure 3.2 illustrates how the current of the beam is proportional to the
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number of charges (protons) in the beam. In practice, the beam is not
continuous, but rather delivered in pulses. The lower part of the ﬁgure
shows a typical periodic structure of the proton beam. Here it is important
to distinguish between the peak current in the pulse and the average current.
The peak current for a given number of charges in the pulse, or total charge,
Q = ne, is given by
Ipeak = Q/τ pulse,
where τpulse is the width of the pulse. The duty cycle is deﬁned as the
ratio between the pulse width and the period, T , between pulses, written as
DutyCycle =
τpulse
T
.
The average current, which is always less than the peak current is then
simply given by
Iave = QTOT/T .
Figure 3.2: Periodic structure of beam pulses typical of a linear accelerator [7].
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There are a lot of ways to measure the current, using either destructive
or non-destructive techniques. In this chapter two types of beam diagnos-
tic instruments which measure the current are described, the beam current
transformer and the Faraday cup. The ﬁrst, the beam current transformer
(BCT) is able to measure the current by coupling to the beam magnetic ﬁeld.
It is non-destructive and does not depend on the beam energy. The second,
the Faraday Cup, is able to measure the beam electrical charges by collecting
them directly. It is destructive and only for low energies.
3.3 Current transformer for pulsed beams
In an accelerator the current is formed by N particles of charge state q per
unit of time t or unit of length l and velocity β = v
c
. The electrical current
is:
Ibeam =
qeN
t
= qeN
l
· βc
The magnetic ﬁeld B of a current can be calculated according to the
Biot-Savart law:
d
−→
B = µ0Ibeam · d
−→
l ×−→r
4pir3
with µ0 = 4pi·10−7V s/Am as the permeability of the vacuum, d−→l the length
in direction of the beam and −→r the distance between the center of the beam
and the point at which the ﬁeld is measured. For a cylindrical symmetry
only the azimuthal component has to be considered along the unitary vector
−→eϕ as shown in ﬁgure 3.3.
−→
B = µ0
Ibeam
2pir
· −→eϕ.
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Figure 3.3: The magnetic ﬁeld of a current [5].
Shown in ﬁgure 3.4 is the basic form of a beam current transformer in
which a magnetic torus made of magnetic material is placed around the beam
and wound with wire. With the passage of the beam, the magnetic ﬁeld pro-
duced couples into the torus and excites a current in the wire which can be
measured. In practice, there is a beam pipe which keeps the beam under
vacuum, and the signal can only be measured in the torus if the beam pipe is
bypassed, typically by an insulating material such as ceramic. This is illus-
trated in ﬁgure 3.5. The ceramic gap forces the image current caused by the
beam to ﬂow through the torus and thus to produce a signal in the winding.
Because of physics principles related to the saturation of the torus magnetic
permeability, beam current transformers are limited to approximately 1µA
current sensitivity. This the reason that both a Faraday Cup and a current
transformer are needed in a typical accelerator application.
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Figure 3.4: Basic form of a beam current transformer [5].
Figure 3.5: Schematic diagram of a beam current transformer.
CHAPTER 3. MEASUREMENT OF BEAM CURRENT 33
3.4 Faraday cup
The Faraday cup is a metal (conductive) cup designed to catch charged par-
ticles in vacuum and is one of the oldest instruments still used. Its basic
advantage is high accuracy of charge measurement. Basically, the Faraday
cup is a massive electrically isolated electrode, which is located in the path
of the particle beam (electrons, protons or ions). When the particle beam is
absorbed by the electrode material, the Faraday cup gets an electrical charge.
In the most simple form, the cup is grounded via a high-precision resistor.
Thus, the Faraday cup is included into the closed electric circuit. We can
identify two parts in the circuit: the vacuum part, in which charge carriers
are the beam particles, and the solid-state one where charge carriers are
conduction electrons. At absence of charge losses, the electric current in
the conductor is equivalent to the beam current in vacuum. The conductor
current is measured by a precision ampere meter included directly in the
circuit or by the voltmeter measuring voltage drop on the resistor, connecting
the circuit to ground [5].
A particle beam is composed of atoms that are ionized and accelerated in
a certain direction within a pipeline under high vacuum. This orderly ﬂow
of atoms having a positive or negative electric charge (being equipped with
an extra electron or, as in our case, having a deﬁciency) goes on to form
an electrical current. The detected current on the Faraday cup can vary
by several orders of magnitude ranging from milliamperes (10−3) until the
lower limit of picoamperes (10−12); therefore very weak signals need to be
processed before the A/D conversion. To overcome this low signal challenge,
the current collected by the Faraday cup is pre-ampliﬁed and converted to
a voltage in a range compatible with the input dynamic range of the ADC
(typically 0 to 10 V).
One important problem to be taken into consideration is the eﬀect of
secondary electron emission caused by the fact that, when the ions are hitting
the Faraday Cup, there are freed electrons from the metal of the cup. For
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the purpose of the measurement one would read not only the current due to
the protons absorbed by the cup "taken" by the ions of the beam, but also
that due to the emission of secondary electrons. This problem can be solved
using an electro-suppressor at the location where the protons enter the cup.
A metallic coating or ring is used attached to the outer Faraday cup (however
completely isolated from it), to which is applied a potential of some hundred
volts. In this way most of the electrons eventually freed are redirected by
the electric ﬁeld back inside the cup (see ﬁgure 3.6). A magnetic ﬁeld can
also be used as illustrated in ﬁgure 3.7. An example of a Faraday cup is
shown in ﬁgure 3.8 which can be cooled by water ﬂow. Cooling is important
in accelerators with high current since all the energy of the beam is absorbed
by the cup. However, even at the maximum beam current of the LIGHT
accelerator, cooling is not required. The proposed Faraday Cup foreseen for
LIGHT is shown in ﬁgure 3.9.
Figure 3.6: Simpliﬁed diagram of a Faraday Cup.
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Figure 3.7: Beam charge measurement using a Faraday Cup. The functioning of the
suppressor is illustrated [5].
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Figure 3.8: An example of a Faraday Cup with water cooling [5].
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Figure 3.9: A 3D model of the proposed Faraday Cup for LIGHT.
3.5 Motivations for project
Originally accelerators were developed to investigate the fundamental laws of
nature, but now we can say they are more than just a tool for research. Their
applications explore many ﬁelds, from electronics, to medical diagnostics and
the treatment of tumors.
My thesis project starts with the need to measure the proton beam current
from the LIGHT accelerator when using a Faraday cup. This required the
development of a pre-ampliﬁer in order to allow the digitization of the very
small currents coming from the cup itself. The beam current in LIGHT
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covers a large range, from 320 nA to 32µA. For the purpose of the pre-
ampliﬁer design we consider a range from 10 nA to 1 mA, which requires a
special multi-gain solution. Moreover, the pulsed structure of the beam to
be measured, needs a large bandwidth ampliﬁer.The design, realization and
test of this pre-ampliﬁer is the main subject of this thesis.
Chapter 4
Ampliﬁer design
4.1 Requirements
The Faraday Cup will produce a current signal in the range between 10nA -
1mA. The form of the signal will be a square pulse between 500ns - 5µs.
In order to measure the beam current we need an ampliﬁer because the
current input is too small to be measured directly with an ADC. In addition
the current must be converted to voltage in order to be sampled correctly.
For these reasons, a pre-ampliﬁer is required and one which converts an
input current signal to a voltage signal. This kind of ampliﬁer is known as a
Trans-Impedance Ampliﬁer.
Since the pulse duration can change between 500ns - 5µs, we want a fast
rise time such that even the shortest pulse will appear square allowing us
to measure correctly the beam current at the ﬂat top of the pulse. For the
minimum pulse width of 500ns, a minimum rise time of 100ns is reasonable
and therefore required. Having a fast rise time is equivalent to having a high
bandwidth. For a 100ns rise time the bandwidth must be at least 3MHz
according to BW (GHz) = 0.35
rise−time(ns) . In addition, with a high bandwidth,
and therefore a fast rise time, it should be possible to sample the pulse ﬂat-
top many times over the duration of the pulse. Then, making the average of
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these samples, the accuracy of the beam current measurement improves.
The output voltage of the ampliﬁer should run from 100mV - 2V , a valid
range for the input of an ADC. With an input current range between 10nA
- 1mA, which corresponds to a dynamic range of 105, a single gain ampliﬁer
is impossible, so a variable-gain ampliﬁer is required.
4.2 Possible solutions
The details of the exact ampliﬁer design to be used with a Faraday cup for
precise measurements of the LIGHT beam current are the subject of this
chapter.
In order to obtain a variable-gain ampliﬁer, required due to the large
dynamic range of the input signal, it has been thought to use relays or digital
potentiometers. Digital potentiometers are constrained by current limit in
the range of tens of milliamperes and also they limit the input voltage range
to the digital supply range (05 VDC). The switching times are undoubtedly
faster and there is the possibility to change more gains in a deﬁned range, but
this is not necessarily needed to cover the entire dynamic range. Instead the
presence of silicon in the digital potentiometers induces more leakage current
and ﬁnally the use of digital protocols like I²C or Serial Peripheral Interface
Bus for to control them introduces greater complexity.
Using relays we can also obtain a multi-gain ampliﬁer. One of the advan-
tages of a relay is that when the switch is open there will be little leakage
current. Although we will not have the possibility to set an arbitrary gain,
as in the case with digital potentiometers, the control of the relays does not
require any serial protocol, making it simpler to set the gain. After analyzing
the pros and the cons of each option, it was decided to use relays.
A possible solution for developing this project was ﬁrst tested using a
breadboard based on an operational ampliﬁer of Texas Instruments, the
OPA380. Secondly, three diﬀerent types of operational ampliﬁers from Linear
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Technology have been compared using the LTspice program [9]. Finally the
reason why two operational ampliﬁers have been chosen will be explained.
Following these selections, the pre-ampliﬁer has been designed and the PCB
layout routed using Altium Designer.
4.3 Initial breadboard tests
The most challenging aspect of the ampliﬁer design is having a high gain and
a high bandwidth.
To understand how the frequency response changes varying diﬀerent gains,
breadboard tests have been done with a OPA380 transimpedance ampliﬁer.
The OPA380 has been chosen because it provides high-speed operation,
90 MHz-GBW (gain-bandwidth) product, with extremely high precision, ex-
cellent long-term stability, and very low 1/f noise. In addition it can reach
more than 1 MHz transimpedance bandwidth. The signal bandwidth of a
transimpedance ampliﬁer depends largely on the GBW product of the ampli-
ﬁer and on the parasitic capacitance of the detector, as well as the feedback
resistor.
In the following sections will be shown the plots obtained from four gains
tests using the OPA380 wired on the breadboard. Oscilloscope, a function
generator and a power supply has been used to provide the results we need.
As input a voltage sine wave from the function generator has been used with
a resistor in series according to the gain. The gains have been utilized are
103, 104, 105 and 106.
4.3.1 GAIN 103
In ﬁgure 4.1 is shown the schematic of the circuit on the breadboard of which
the frequency trend was measured.
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Figure 4.1: Schematic used for breadboard tests with a single stage with OPA380, gain
103.
Injecting a 1V peak to peak sine wave from the function generator, the
output of the ampliﬁer was checked (100 mV in output) and then the band-
width measured by changing the frequency from 1 kHz to 22.2 MHz.
As we can see from ﬁgure 4.2, a bandwidth of greater than the maximum
frequency was measured, >22 MHz. The bandwidth has been computed
as the frequency at which the signal drops 3dB from the maximum. This
deﬁnition is used for all calculations of the bandwidth in this thesis.
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Figure 4.2: Frequency response of the 1k gain single-stage OPA380 ampliﬁer tested on
the breadboard.
4.3.2 GAIN 104
By using a 10kΩ resistor feedback (ﬁgure 4.3) we repeated the measurement
of the frequency response and found that the bandwidth decreases as com-
pared with the 1k gain ampliﬁer. In fact the bandwidth is 6 MHz (ﬁgure
4.4).
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Figure 4.3: Schematic used for breadboard tests with a single stage with OPA380, gain
104.
Figure 4.4: Frequency response of the 10k gain single-stage OPA380 ampliﬁer tested on
the breadboard.
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4.3.3 GAIN 105
The bandwidth for the ampliﬁer shown in ﬁgure 4.5 using a 100k Ω feedback
resistor has also been measured. The frequency response is shown in ﬁgure
4.6. The bandwidth is 7 MHz.
Figure 4.5: Schematic used for breadboard tests with a single stage with OPA380, gain
105.
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Figure 4.6: Frequency response of the 100k gain single-stage OPA380 ampliﬁer tested
on the breadboard.
4.3.4 GAIN 106
At the end the bandwidth ampliﬁer of 1MΩ resistor results almost 0.1 MHz
(see ﬁgure 4.8).
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Figure 4.7: Schematic used for breadboard tests with a single stage with OPA380, gain
106.
Figure 4.8: Frequency response of the 1M gain single-stage OPA380 ampliﬁer tested on
the breadboard.
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From these plots we can understand how the bigger feedback resistor
is, the less bandwidth ampliﬁer becomes. In addition, only at the gains at
103,104 and 105 is the bandwidth suﬃcient for our application ( > 3MHz).
For this reason, other ampliﬁers have been considered.
4.4 Simulative comparison (LT-Spice)
A simulative comparison of many ampliﬁer designs were done with the use of
the LTspiceIV (Linear Technology), which is a high performance SPICE sim-
ulator, schematic capture and waveform viewer. Linear Technology provides
a variety of custom design simulation tools and device models.
4.4.1 Comparing three diﬀerent operational ampliﬁers
LT-Spice simulations were done after the breadboard test to compare the be-
havior of three operational ampliﬁers. LTC6244HV, LTC6268 and LT6200.
These ampliﬁers, of Linear Technology, were chosen according to their fea-
tures. They were selected because ﬁrst all three are used for applications of
trans-impedance ampliﬁers, second for their high values of Gain Bandwidth
Product, and third for their low voltage noise. Table 4.1 summarizes the
main features of each ampliﬁer.
In ﬁgure 4.9, ﬁgure 4.10 and ﬁgure 4.11 are shown the schematic which was
simulated using each diﬀerent operation ampliﬁer, LTC6344HV, LTC6268,
LT6200. Four simulations for each type of ampliﬁer were done using 1kΩ,
10kΩ, 100kΩ and 1MΩ feedback resistors. In each schematic, a capacitor
is shown in parallel to the input, which estimates the value of the detector
capacitance which will be used. 10pF was chosen as a reasonable estimate
of the Faraday Cup capacitance.
In order to calculate the feedback capacitor the following formula was
used, taken from a application note about transimpedance ampliﬁers [8].
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Cfeedback =
√
Cd
2piRffu
Table 4.2 shows the capacitor values which were used in parallel to each
feedback resistor for each gain in the following simulations. The values do
not correspond exactly to the values computed in the above formula but were
adjusted slightly based on the results of the simulations in order to have the
best performance.
Operational ampliﬁers GBW Noise (nV/
√
Hz)
LTC6244HV 50MHz 12
LTC6288 500MHz 4.3
LT6200 1.6GHz 0.95
Table 4.1: Comparison of LTC6244HV, LTC6268, LT6200 taken from their data sheets.
Figure 4.9: Schematic of simulations performed using OPamp LTC6244HV (linear tech-
nology).
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Figure 4.10: Schematic of simulations performed using OPamp LTC6268 (linear tech-
nology).
Figure 4.11: Schematic of simulations performed using OPamp LT6200 (linear technol-
ogy).
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LTC6244HV LTC6268 LT6200
GAIN R1 (Ω) C1 (pF ) C1 (pF ) C1 (pF )
103 1k 45 5 6
104 10k 10 1 5
105 100k 2.5 0.4 0.8
106 1M 0.3 0.12 0.5
Table 4.2: Capacitor values for each operational ampliﬁer.
Figures 4.12, 4.13, 4.14 and 4.15 compare the three diﬀerent ampliﬁers
for the four diﬀerent gain settings.
Figure 4.12: Simulated frequency response for three diﬀerent operational ampliﬁers:
gain 103.
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Figure 4.13: Simulated frequency response for three diﬀerent operational ampliﬁers:
gain 104.
Figure 4.14: Simulated frequency response for three diﬀerent operational ampliﬁers:
gain 105.
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Figure 4.15: Simulated frequency response for three diﬀerent operational ampliﬁers:
gain 106.
All plots show that the best behavior in terms of bandwidth is obtained
by LTC6268 (shown in blue); afterward we ﬁnd LT6200 (shown in grey).
Table 4.3 summarizes the bandwidth obtained for each ampliﬁer for each
diﬀerent gain. For the LTC6268 at a gain of 106, a bandwidth of 3MHz was
recorded.
Operational Ampliﬁer
Band-width (MHz)
Gain 103 Gain 104 Gain 105 Gain 106
LTC6268 31 20 5 1.58
LTC6244HV 8 4 0.6 1.26
LT6200 32 6 2 0.25
Table 4.3: Values of the bandwidth for each ampliﬁer at each gain.
4.4.2 Detector capacitance
The Faraday Cup that is connected to the input of the ampliﬁer will have a
parasitic capacitance. This parasitic capacitance can have an eﬀect on the
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frequency response of the ampliﬁer, and therefore, simulations were made to
quantify this.
The detector (FC) was modeled by a capacitor connected in parallel be-
tween the ampliﬁer input and ground, as shown in the schematic in ﬁgure
4.16. A parametric simulation was made using four diﬀerent values for the
detector capacitance: 1 pF , 10pF , 50pF , 100pF and with a gain of 105. The
results are shown in ﬁgure 4.17. The best result is with 1pF , as expected
since any parasitic capacitance on the input of the ampliﬁer reduces its per-
formance. We estimate the capacitance of the detector which will be used to
have a value of 10pF and as we see from the results the bandwidth is only
slightly reduced from the case with 1pF .
Figure 4.16: Schematic of parametric simulation performed using OPamp LTC6268 and
detector capacitance as sweep parameter.
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Figure 4.17: Frequency response of LT6268 using 4 diﬀerent values of the detector
parasitic capacitance (gain 100k).
4.4.3 Diodes protection
A pair of diodes has also been included in the schematic in order to protect
the components in the circuit that can be damaged by too high currents.
This could result if too much current is collected by the FC, or in the event
of a discharge from the HV suppressor to the cup itself. In practice, diodes
have a small parasitic capacitance and therefore, it was important to model
these diodes in simulation and to quantify any reduction in the bandwidth of
the ampliﬁer. Figure 4.18 shows the schematic with the diodes in input on
the ﬁrst stage. The type of the diodes is not the same type which was used
in the real circuit because they are not available in the LT-Spice libraries.
We chose similar diodes, silicon type, 1N4148. Figure 4.19 shows the result
of the frequency response simulation with and without the diode protection.
The presence of the diodes does not aﬀect the bandwidth of the ampliﬁer
signiﬁcantly; it is almost the same in both cases, 5MHz.
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Figure 4.18: Schematic of simulations performed using OPamp LTC6268 with diodes.
Figure 4.19: Simulation with and without diodes.
4.4.4 All stages (full simulation)
In order to realize the pre-ampliﬁer it was decided to use three stages in cas-
cade. We can see from the comparison of the bandwidth for each operational
ampliﬁer (table 4.3) that with the LTC6268 at a gain of 106, the bandwidth
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is only 1.58MHz. To arrive at an overall gain of 107, it would not be possible
to use a single stage with the LTC6268 (or any of the compared operational
ampliﬁers). A good choice, therefore, is to use a gain of 105 for the ﬁrst
stage (using the LTC6268) and a gain of 10 for each of the following two
stages (using the LT6200). In this way, we can expect the total bandwidth
to be limited only by the ﬁrst stage, therefore, approximately 5MHz. This
conﬁguration was simulated using LTSpice and the schematic used is shown
in ﬁgure 4.20. In the schematic, the ﬁrst and the second stages are inverting.
Because the beam will produce a positive current signal, the last stage is
chosen to be non-inverting to obtain a positive voltage output.
Figure 4.20: Schematic of simulations performed using all three stages.
In ﬁgure 4.21 the frequency response of the 3-stage ampliﬁer with a total
gain of 107 obtained by simulation. The bandwidth is around 3MHz.
CHAPTER 4. AMPLIFIER DESIGN 58
Figure 4.21: Frequency response of all three stages (LTC6268-LT6200-LT6200) at high-
est gain 10^7.
4.4.5 Simulation of the noise
Figure 4.22 shows the schematic of the ampliﬁer with 103 and 107 gains to
simulate the output noise. Figures 4.23 and 4.24 show the classic trend of
a noise voltage as a function of the frequency. It can be observed from the
ﬁgure that at low frequencies, we have the presence of the 1/f noise and at
high frequencies we have a thermal noise. Also at high frequencies there is
a change, because the function response of the circuit at that frequency cuts
and therefore the noise decreases. From the simulations we obtained the sum
of all the noise contributions on the output up to 10MHz, expressed in rms.
We calculated only for two gains:
103 : V rms = 25.1µV ;
107 : V rms = 21mV .
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Figure 4.22: Schematic for the simulation of the noise for 103 and 107 gains.
Figure 4.23: Plot of the noise for 103 gain.
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Figure 4.24: Plot of the noise for 107 gain.
4.5 Final choice of architecture
After the full simulation all other components were chosen to realize the
multigain ampliﬁer on the PCB. This section explains the chosen components
item by item.
4.5.1 Multigain (relays)
In order to have a multi-gain ampliﬁer relays (G6K-2F-Y) were chosen to
switch between diﬀerent resistors in feedback on the diﬀerent stages of the
ampliﬁer. The relays must be controlled driven by a digital signal, which
cannot, however, be used to drive the relays directly since they require a
high current of around 30 mA. Thus a darlington stage has been included
between the digital signal and the relay. The darlington stage is available in
a compact packaged form in the IC ULN2803A Darlington Transistor Arrays.
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The device consists of eight NPN Darlington pairs that feature high-voltage
outputs and the collector-current rating of each Darlington pair is 500 mA.
The Darlington stages require a TTL control level.
To control the relays a diﬀerential signal was required because we intend
to send this signal over a long cable of about 25 m. The use of a diﬀerential
signal helps to remove common-mode noise when using very long cables. The
AM26C32 is a quadruple diﬀerential line receiver for a digital data transmis-
sion. It operates from a single supply 5V and it has 3-state outputs. In
ﬁgure 4.25 is shown the logic diagram of the line receiver. The line receiver
presents a diﬀerential input and TTL output.
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Figure 4.25: Logic diagram of line receiver.
Figure 4.26 shows the part of the project composed by line receiver and
darlington to drive each relay. Between each input pair has been put a
resistor of 100Ω to terminate correctly the diﬀerential cable. A yellow LED
has been added, driven by another Darlington stage connected to the same
signal which controls the calibration current (see section 4.5.3).
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Figure 4.26: Line receiver and darlington to drive relays in pre-ampliﬁer.
4.5.2 Diﬀerential output
For the output analogue signal, it was also chosen to make it diﬀerential for
the same reasons as for the digital control lines of the relays: the common-
mode noise is reduced, which is important considering that the signal must
also be sent over 25 m.
In order to obtain this, a diﬀerential ampliﬁer THS4130 was added after
the 3rd stage of the ampliﬁer having a unity gain. Figure 4.27 shows the last
stage of the pre-ampliﬁer composed of the diﬀerential ampliﬁer.
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Figure 4.27: THS4130 - Fully diﬀerential I/O ampliﬁer.
4.5.3 Calibration current
It was decided to add the possibility to select a calibration current at the
input in case it is not possible to measure the current from the beam. This is
important since in case no signal is seen, you can check whether the problem
is coming from the electronics, or the beam itself, without having to enter into
the bunker which requires a break of the accelerator operation. In addition,
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this component is useful to test and to debug the PCB after assembly of the
components.
For the calibration current has been put a REF200U component. The
REF200U contains two 100µA current sources and one current mirror. Only
one of the current sources is used, connected to the input of the 1st stage am-
pliﬁer through one of the relays. When the relay is switched on the REF200U
is activated, sending a precise current of 100µA into the ampliﬁer. At the
same time, the Faraday cup is connected to ground to prevent it charging
up in case the beam is still on. Figure 4.28 shows the schematic of the input
and the ﬁrst stage of the ampliﬁer where one can see the REF200U which is
connected to the input through the relay, RL4.
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Figure 4.28: Schematic of the input and the ﬁrst stage of the ampliﬁer with calibration
current.
4.5.4 Voltage regulator and power
The voltage regulators can be used as micro power, low noise, low dropout
regulators. The LT1763 (linear technology) has been selected for positive
power supply and is able to give 500mA of output current. The parts come
in ﬁxed output voltages of 1.5V, 1.8V, 2.5V, 3V, 3.3V and 5V, and as an
adjustable device with a 1.22V reference voltage. Instead, the LT1964 (linear
technology) has been selected for negative power supply and is able to give
200mA of output current. The device is available with a ﬁxed output voltage
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of -5V and as an adjustable device with a -1.22V reference voltage.
Figure 4.29 shows the adjustable version of the LT1964 used for the neg-
ative power supply. This version has an output voltage range of -1.22V to
-20V. The output voltage is determined by the ratio between the two external
resistors, R1 and R2, as shown in the picture.
Figure 4.29: Adjustable version of the LT1964 voltage regulator.
The output voltage can be calculated using the following formulas. The
value of R1 (for us Rs6) should be less than 250k to minimize errors in the
output voltage caused by the ADJ pin bias current.
VOUT = −1.22V (1 + R2R1)− (IADJ)(R2)
VADJ = −1.22V
IADJ = 30nAAT 25C
Figure 4.30 shows the schematic where we have used LT1763CS8-5#PBF
for 5V and LT1763CS8-2.5#PBF for 2.5V. The main feature is the low output
noise, which drops to 20µVRMS over a 10Hz to 100kHz bandwidth, by adding
the external 0.01µF bypass capacitor.
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Figure 4.30: Positive power supply of pre-ampliﬁer.
Figure 4.31 shows the schematic where we have used LT1964IS5-5#PBF
for -5V and LT1964IS5-BYP#PFB for -2.5V. This voltage regulator has a
low quiescent current, 30µA operating and 3µA shutdown. Other features
include low output noise. Which with the addition of an external 0.01µF
bypass capacitor, is reduced to 30µVRMS over a 10Hz to 100kHz bandwidth.
Figure 4.31: Negative power supply of pre-ampliﬁer.
Across the output of both +5 and -5 the voltage regulators, a LED was
placed so that the status of the power supplies can be quickly checked.
4.6 Realization of the schematic
The entire pre-ampliﬁer schematic has been created using the Altium De-
signer program and is shown in the ﬁgures 4.32, ﬁgure 4.33, ﬁgure 4.34. A
relay has been used on each stage allowing multiple gain settings. These
range between 103 to 107, which are necessary to cover the full input current
range given in table 4.4. Table 4.4 gives the valid input range for each gain
setting as well as the corresponding output voltage range.
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GAIN MIN CURRENT MAX CURRENT
103 10µA 2mA
104 1µA 200µA
105 200nA 10µA
106 100nA 1µA
107 10nA 200nA
Table 4.4: Valid input current range for each gain.
Table 4.5 gives the control settings required to achieve each gain in this
conﬁguration according to the complete 3-stage ampliﬁer design as shown in
ﬁgures 4.32, ﬁgure 4.33, ﬁgure 4.34.
GAIN CONcal RL3 RL2 RL1
103 (on-board current calibration ON) ON ON ON ON
103 OFF ON ON ON
104 OFF ON OFF ON
105 OFF OFF ON ON
106 OFF OFF OFF ON
107 OFF OFF OFF OFF
Table 4.5: Control settings of relays for all gain settings from 10^3 to 10^7.
The ﬁrst two pictures, (ﬁgures 4.32 and 4.33) show the ampliﬁer from
the Faraday cup to the diﬀerential output. The ﬁrst stage op-amp can be
changed to another type by using jumpers (resistors 0Ω). These jumpers are
used to select the pin conﬁguration since the LTC6268 uses diﬀerent power
pins than most operational ampliﬁers. In the last picture (ﬁgure 4.34) the
power supply is shown at the top of the image and the controls for the relays
on the bottom. Power inductors have been placed in series with the supply
voltage to also act as an additional noise ﬁlter, to cut eventual noise spikes
coming from the power supply external lines.
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Figure 4.32: Altium Designer schematic of Faraday Cup pre-ampliﬁer (main).
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Figure 4.33: Altium Designer schematic of Faraday Cup pre-ampliﬁer (main2).
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Figure 4.34: Altium Designer schematic of Faraday Cup pre-ampliﬁer (power).
4.7 Board layout
After completing the schematic, the placement and routing of the circuit was
made. A double-layer board layout was chosen.
Altium Designer provides some rules for layout, we have chosen the track
width to be 0.762 mm for all signals and 4 mm for power supply lines. Fur-
thermore, the capacitors for the power supply of each operational ampliﬁer
have been kept as close as possible to the each integrated circuit that they
serve, by putting them on the bottom of the PCB.
Figure 4.35 shows the TOP layer while ﬁgure 4.36 shows the BOT layer
after the routing was completed. The PCB was sent into production in a
company called "Eurocircuit".
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Figure 4.35: TOP layer of the Faraday Cup pre-ampliﬁer PCB.
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Figure 4.36: BOTTOM layer of the Faraday Cup pre-ampliﬁer PCB.
Chapter 5
Experimental Results
Once the PCB was produced and delivered to CERN, the assembly of all
components was made by hand, followed by the testing. Figure 5.1 shows
the top and the bottom of the PCB before the components were mounted.
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Figure 5.1: Picture of circuit without components (TOP and BOTTOM).
Figure 5.2 shows the PCB (both TOP and BOT sides) after all compo-
nents were mounted. The circuit was fed with a voltage of ±6.4V . Initial
debugging and tests were made checking if the correct voltages were present
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from the voltage regulators. The LEDs were turned on and the correct volt-
ages present at the correct pins of the operational ampliﬁers. Furthermore,
the calibration current was checked as well and the yellow LED was turned
on with the relay.
Figure 5.2: Picture of circuit with components (TOP and BOTTOM).
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5.1 Setup
In order to characterize the pre-ampliﬁer (bandwidth, rise-time, linearity,
noise and oﬀset), several instruments were required: a dual channel power
supply (positive and negative voltages), a function generator for injecting a
signal, a power source for injecting a very precise current signal, and an os-
cilloscope for measuring the output signal. Speciﬁcally, the following devices
were used:
 Oscilloscope TELEDYNE LECROY HDO6104-MS (1GHz 2.5 GS/s)
 Function generator TEKTRONIX AFG325 (240MHz 2GS/s)
 Power supply TTi-THURLBY THANDAR INSTRUMENTS (32V-3A)
 Power source AGILENT B2962A
Figure 5.3 shows a schematic of the connections between these devices and
the PCB. Figure 5.4 shows the actual setup on the laboratory desk.
Figure 5.3: PCB connected to each device.
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Figure 5.4: A picture of the experimental setup for debugging and testing the PCB.
5.2 Current consumption
The current consumption depends on control settings and will increase as
each relay is turned on. The relays were controlled by applying either +5 or
-5V across the diﬀerential control pairs connected to each channel of the line
receiver.
As we can see from the table 5.1 the higher current consumption was
measured with all the relays ON. In this condition, the circuit consumes 163
mA on the positive power supply and 77 mA on the negative.
GAIN CONcal RL3 RL2 RL1 I+ (mA) I- (mA)
103 (on-board current calibration ON) ON ON ON ON 163 77
103 OFF ON ON ON 140 77
104 OFF ON OFF ON 121 77
105 OFF OFF ON ON 121 77
106 OFF OFF OFF ON 103 77
107 OFF OFF OFF OFF 83 76
Table 5.1: Current consumption for all gain settings.
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5.3 Characterization at diﬀerent gain settings
The following measurements were performed for each gain setting:
 Linearity
 Bandwidth
 Rise-time
 Noise and oﬀset
To perform the linearity test the power source was used and diﬀerent values
of current were injected directly into the input of the ampliﬁer.
To perform the AC measurements a regular function generator was used
because the power source cannot go above 10 kHz and we expect a band-
width much better than this upper limit. Although the function generator
provides a voltage signal, the 50Ω series resistance (2 times 24.9Ω) converts
this voltage to a current at the input of the ampliﬁer. Knowing the input
voltage the current can be computed with the relationship I = V/Rseries. As
an example, for the 103 gain, a signal of 100 mV was used, giving an input
current of 100/50=2 mA and thus an expected output voltage of 2V. For 104
and 105 gains, 20 dB attenuators were used to reduce the voltage signal in
the input because the function generator cannot go under 50 mV. For 106
and 107 gains, the use of additional attenuators was not possible because
of increased noise. Therefore, either a 100 kΩ or 1 MΩ series resistor was
soldered in the place of the 24.9Ω resistor R1 on the PCB.
5.3.1 Gain 103
The relays were set to give a 103 gain for the following measurements.
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5.3.1.1 Linearity
For this gain there is a wide range of the valid input. The corresponding
output was measured for each input by using the power source connected
directly to the input of the ampliﬁer and injecting a charge between 10µA
and 2mA. Figure 5.5 shows the linear trend of the voltage measured on the
output of the 3rd stage as a function of the input current. The slope of the
curve gives the real gain and it has been measured as 1.00e3.
Figure 5.5: Output voltage as a function of input current using the precision power
source (gain 103).
5.3.1.2 Bandwidth
In order to measure the bandwidth, a voltage signal of 100 mV amplitude
was used with a 50Ω resistor (2 mA is the maximum input current we can
inject). By using the function generator and injecting a sine wave with known
amplitude the output signal was observed on the oscilloscope. The frequency
of the sine wave was then varied over a large range between 1 Hz and 22 MHz
while measuring the amplitude of the signal on the output. Figure 5.6 shows
the ratio of the amplitude of the output signal to the input signal (in dB)
over the range of frequencies measured. The bandwidth has been deﬁned at
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the point that the output signal reaches -3dB of the maximum, in this case
measured to be 19 MHz.
Figure 5.6: Measured frequency response at 103.
5.3.1.3 Rise time
To measure the rise time, a square pulse was injected into the circuit having a
frequency of 1 MHz. This corresponds to a 500 ns pulse width, equivalent to
the minimum pulse width in the LIGHT accelerator allowing us to observe if
the shape of the output is suﬃciently square to allow the peak pulse current
to be correctly digitized. The amplitude of the square wave was 50 mV
injected over the 50Ω input series resistor. Figure 5.7 shows a screen shot of
the output pulse for two timebase settings on the oscilloscope. The rise time
has been measured to be 24 ns and the shape is well represented.
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Figure 5.7: Scope screen shot showing pre-amp output pulse (103).
5.3.1.4 Noise and oﬀset
The noise was measured (with no input signal) by using the AC coupling
mode on the oscilloscope and measuring the rms of the signal. Also the oﬀset
was measured by using the DC coupling mode and measuring the mean of
the signal. The measurements were done in two ways; the input cable was
plugged in and then the input was not connected, but in both cases no
diﬀerence in the noise was observed. In table 5.2 the measured noise and the
oﬀset are shown.
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NOISE (rms) OFFSET
9.5 mV 4.6 mV
Table 5.2: Table of noise and oﬀset 103.
5.3.2 Gain 104
The relays were set for a gain of104 to make the following measurements.
5.3.2.1 Linearity
The results of the linearity test are shown in ﬁgure 5.8. The slope of the
curve gives the real gain and has been measured as 1.02e4.
Figure 5.8: Output voltage as a function of input current using the precision power
source (gain 104).
5.3.2.2 Bandwidth
A voltage input of 1 V was used with a 50Ω resistor using two attenuators
of 20 dB each between the function generator and the ampliﬁer in order to
obtain 200µA of input current, in the range required for this gain setting.
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Figure 5.9 shows the frequency response of the pre-ampliﬁer with this
gain. The bandwidth is 11 MHz.
Figure 5.9: Measured frequency response at 104.
5.3.2.3 Rise time
Figure 5.10 shows the scope screen shot of the square wave output with this
gain. We obtain a rise time of 28 ns.
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Figure 5.10: Scope screen shot showing pre-amp output pulse (104).
5.3.2.4 Noise and oﬀset
In table 5.3 the measured noise and the oﬀset are shown.
NOISE (rms) OFFSET
12 mV 19 mV
Table 5.3: Table of noise and oﬀset 104.
5.3.3 GAIN 105
The gain was set to 105 by the relays for the following measurements.
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5.3.3.1 Linearity
The linearity plot for a gain of 105 is shown in ﬁgure 5.11. The slope of the
curve gives the real gain and has been measured as 0.992e5.
Figure 5.11: Output voltage as a function of input current using the precision power
source (gain 105).
5.3.3.2 Bandwidth
A voltage input of 50 mV was used with the 50Ω series resistor using two
attenuators of 20 dB each in order to obtain 10µA of input current, in the
range required for this gain setting.
Figure 5.12 shows the frequency response of the pre-ampliﬁer with this
gain. The bandwidth is 7 MHz..
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Figure 5.12: Measured frequency response at 105.
5.3.3.3 Rise time
The scope screen shot of the square wave output pulse is shown in ﬁgure
5.13; we can observe a 47 ns rise-time.
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Figure 5.13: Scope screen shot showing pre-amp output pulse (105).
5.3.3.4 Noise and oﬀset
Table 5.4 shows the noise and the oﬀset for 105 gain.
NOISE (rms) OFFSET
16 mV 4.6 mV
Table 5.4: Table of noise and oﬀset 105.
5.3.4 GAIN 106
It gain was set to 106 by the relays.
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5.3.4.1 Linearity
Figure 5.14 shows the linearity plot. The real gain measured from the slope
of the curve is 0.961e6.
Figure 5.14: Output voltage as a function of input current using the precision power
source (gain 106).
5.3.4.2 Bandwidth
A series resistor of 100kΩ was used since the 50Ω resistor was not large
enough to reduce the current for this high gain setting. Generating a 50 mV
voltage, a current of 500nA is produced on the input over the 100kΩ resistor,
in the range required for this gain setting. Although we expect a 500 mV
signal in output, the fact that the input resistance is very high causes a
mismatch between the input impedance of the ampliﬁer and the cable (50Ω)
to the function generator. This results in the output signal being twice that
which is expected. This factor has been removed when plotting the ratio of
output to input signal (in dB) in the results that follow. The same procedure
has been made for the gain of 107 described in the following section.
Figure 5.15 shows the frequency response of the ampliﬁer. The bandwidth
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is 6 MHz.
Figure 5.15: Measured frequency response at 106.
5.3.4.3 Rise time
The scope screen shot of output pulse is shown in ﬁgure 5.16. The rise-time
is 41 ns.
Figure 5.16: Scope screen shot showing pre-amp output pulse (106).
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5.3.4.4 Noise and oﬀset
The noise and the oﬀset are shown in table 5.5. Here, the noise was larger
when connected to the function generator.
NOISE (rms) OFFSET
LEMO to function gen Only LEMO cable LEMO to function gen Only LEMO cable
17mV 13.9mV 19.2mV 19.2mV
Table 5.5: Table of noise and oﬀset 106.
5.3.5 GAIN 107
A gain of 107 was used for the following measurements.
5.3.5.1 Linearity
Figure 5.17 shows the linearity plot, we could ﬁnd only one value because
the noise was bigger in this gain setting than the others than the others
making it diﬃcult to ﬁnd a valid value in the current input range. Despite
this challenge, we measure the real gain from the slope as 1.005e7.
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Figure 5.17: Output voltage as a function of input current using the precision power
source (gain 107).
5.3.5.2 Bandwidth
A series resistor of 1MΩ was used. Generating 50mV voltage produces a cur-
rent of 50nA on the input, in the range required for this gain setting. Figure
5.18 shows the frequency response of the pre-ampliﬁer where the bandwidth
is 6MHz.
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Figure 5.18: Measured frequency response at 107.
5.3.5.3 Rise time
Figure 5.19 shows the pulse output. Although the rise time is the worst of the
gains at 56 ns, it is, however, good for this project considering the shortest
pulse from the LIGHT accelerator will be 500 ns.
Figure 5.19: Scope screen shot showing pre-amp output pulse (107).
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5.3.5.4 Noise and oﬀset
Table 5.6 shows the noise and the oﬀset for 107 gain.
NOISE (rms) OFFSET
LEMO to function gen Only LEMO cable LEMO to function gen Only LEMO cable
48 mV 41.1 mV 200 mV 200 mV
Table 5.6: Table of noise and oﬀset 107.
5.4 Summary of results for diﬀerent gain set-
tings
Table 5.7 shows the results of all parameters obtained for the diﬀerent gain
settings. The noise reported is that which was measured with nothing con-
nected to the ampliﬁer input. It is also reported in terms of equivalent
current on the input; in this way, the resolution of the measurement of the
input current is also known.
Setting 103 104 105 106 107
Measured gain 1.00e3 1.02e4 0.992e5 0.961e6 1.005e7
Bandwidth (MHz) 19 11 7 6 6
Rise-time (ns) 24 28 47 41 56
Noise (rms)
mV 9.5 12 16 13.9 41
A 9.5µ 12n 160n 13.9n 4.1n
Oﬀset (mV) 4.6 19 4.6 19.2 200
Table 5.7: All parameters for diﬀerent gains.
Figure 5.20 is shown a comparison plot of the bandwidth of each gain.
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Figure 5.20: Comparison of the frequency response of the Faraday Cup ampliﬁer for
each gain setting.
Chapter 6
Digital part
6.1 Integration of the Faraday Cup and ampli-
ﬁer in the LIGHT control system
The Faraday Cup (FC) and its preampliﬁer make up one part of the beam di-
agnostics system in the LIGHT accelerator. Shown in ﬁgure 6.1 is a schematic
representation of how the FC and preampliﬁer will be connected electroni-
cally to additional electronics and the rest of the control system. The FC
instrument itself is shown as a block to the right of the ﬁgure, with both the
HV suppressor and the cup illustrated as separate elements since they are
connected independently to other components of the system.
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Figure 6.1: Faraday Cup Electronics Layout.
The FC signal is connected directly to the ampliﬁer (that which has been
developed and described in this thesis) using a BNC coaxial cable. The
impedance of the ampliﬁer input is matched to the Faraday Cup and cable at
50Ω. Once ampliﬁed, the FC signal is sent through a diﬀerential cable which
could be up to 25 meters long in order to bring the signal out of the bunker
and into the control room. Here, both custom-built (back-end electronics)
and commercial (front-end controller) electronics will be used. The back-
end electronics is a collection of simple boards which serve only to condition
the analogue and digital signals sent between the front-end controller (FEC)
and the FC instrument and ampliﬁer. The FEC will be based on the PXIe
standard from National Instruments [10] (an example of a PXIe crate is
shown in ﬁgure 6.2). The FEC will contain an ADC board for digitizing
the ampliﬁer FC signal, a digital input-output (I/O) board for changing the
states of the relays on the ampliﬁer (and therefore the gain setting), and a
timing board used to synchronize the moment of ADC sampling with the
arrival of the pulse. The delay between the timing signal and the ADC may
need to be adjusted experimentally to begin sampling at the correct moment.
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In addition, the FEC contains a CPU board which can be programmed to
control all these boards as well as communicate data with the LIGHT control
system.
Before arriving to the ADC (but after it is transmitted over the 25 m
diﬀerential cable), the ampliﬁed FC signal will be made single-ended using a
diﬀerential line receiver (similar to the AM26C32) housed within the back-
end electronics. After this, it will be split with one end passing directly to
the ADC for digitization and the other used to display the beam pulse on an
oscilloscope in the control room. This later option will provide a convenient
and quick way for the accelerator operators to verify the presence of the beam.
As concerns the speciﬁcation of the ADC, in order to have a good sampling of
the current in the peak of the pulse, a 100 MS/s (mega-samples-per-second)
ADC is recommended. In this way, for even the smallest expected beam
pulse of 500 ns width, this would allow up to 50 samples to be made in the
peak. The average of these values should yield a very precise measurement of
the peak beam current. Another advantage of having a fast-sampling ADC
is that, if required, the exact shape of the pulse could be reconstructed from
the data, giving information about any changes in current within the pulse
itself. In addition, the width of the pulse could be reconstructed. Both
of these later options could be of interest to the machine experts during
quality assurance or commissioning of the accelerator as they may indicate
an unstable accelerator operation.
To control the relays of the ampliﬁer and therefore its gain setting, a
digital I/O board is foreseen having TTL outputs. These signal must be
converted to diﬀerential in order to be sent over the 25 m to the bunker
and to the ampliﬁer. The format of the relay control signals is similar to the
diﬀerential protocol RS-422, however, since no data need be sent to the relays
(rather they need be only ON or OFF), the speed of the digital I/O is not
important. The conversion of the control signals from TTL (single-ended) to
diﬀerential will be made in the back-end electronics as well as providing the
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correct pin-out chosen for the FC ampliﬁer (see section below). The back-end
electronics also houses the HV module for the FC suppressor, as well as DC
supplies to power the line receivers, HV module and the FC ampliﬁer.
Figure 6.2: An example of a front-end controller based on the PXIe standard of National
Instruments [10].
6.2 Speciﬁcations of the FC ampliﬁer
The following table gives the absolute maximum rating for the FC ampliﬁer.
These values should not be exceeded.
Signal Min value Max value
Positive supply -20 V 20 V
Negative supply -20 V 20 V
Diﬀerential lines -11 V 14 V
Analogue input voltage -75 V 75 V
Input current - 140 mA
Table 6.1: Absolute maximum ratings for the FC ampliﬁer.
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The following table gives the speciﬁcations for the FC ampliﬁer, the min-
imum, maximum and typical operating values.
Signal Min. value Max. value Typ. value
Power supply
Positive - - 5.5 V
Negative - - -5.5 V
Relay control
ON - - 5 V (between pairs)
OFF - - -5 V (between pairs)
Analogue input
Signal type - - Single-ended
Range 10 nA 1 mA -
Impedance - - 50Ω
Analogue output
Signal type - - Diﬀerential
Range -2.5 V 2.5 V -
Impedance - - 100Ω
Table 6.2: Speciﬁcations and recommend operating values for the FC ampliﬁer.
Shown in ﬁgure 6.3 is the pin conﬁguration for the D-sub connector (25
pins) which has been chosen for the power and ground lines as well as for the
diﬀerential pairs for the relay control. Also shown is the pin conﬁguration
for the 2-pole LEMO connector which is connected to the analogue output.
CHAPTER 6. DIGITAL PART 102
Figure 6.3: Chosen pin conﬁguration for the FC pre-ampliﬁer (contains power and relays
controls).
Figure 6.4 shows the FC ampliﬁer in a metal box which can be mounted
close to the accelerator. The D-sub connector for power and relay control as
well as the diﬀerential output connector are visible.
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Figure 6.4: The FC pre-ampliﬁer mounted in a metal box for mounting near the accel-
erator.
Chapter 7
Conclusion
In order to develop my thesis project I spent seven months in ADAM SA
company located in Geneva. Their project involves the development of a
novel linear accelerator for proton therapy, called LIGHT (LINAC for Image
Guided Hadron Therapy). LIGHT will deliver protons up to 230 MeV using
active scanning and energy modulation, that which is needed for state-of-
the-art treatment of even deep-seated tumors.
My work has consisted in designing and characterizing a transimpedance
ampliﬁer to measure the peak current of the proton beam coming from a
Faraday Cup, part of the beam diagnostics instrumentation of the LIGHT
accelerator. As the range of beam current is large in LIGHT, the require-
ment on the dynamic range of the ampliﬁer is correspondingly large, it runs
between 10 nA and 1 mA, and therefore a multi-gain ampliﬁer was proposed.
The duration of the pulse width changes between 500 ns and 5 µs. The goal
was to have a high bandwidth and high gain so as to be able to measure a
statistically relevant number of samples on the ﬂat top of the current pulse,
thereby increasing the accuracy of the measurement. Since the minimum
pulse width is 500 ns, the output signal must have a rise-time on the order
of 100 ns.
Taking these requirements into consideration, a multi-gain ampliﬁer was
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designed using relays to switch between gain settings. The range of gain set-
tings runs between 103 and 107. The relays are controlled with a diﬀerential
protocol which can be driven over 25 m, needed since the ampliﬁer will be
close to the Faraday Cup inside the bunker, far from the digital electronics
in the control room. The analogue output of the ampliﬁer was also made
diﬀerential for the same reason. The possibility to inject a 100 µA current
in the input was also included for self-test and calibration.
Once the design was completed and the PCB produced and assembled,
it was characterized by injecting signals of known frequency and amplitude
using a power source (current source) and a function generator. For the most
challenging gain at 107, a bandwidth of 6 MHz was measured and a rise-time
of 56 ns. For the lower gains, the bandwidth was even higher; 19 MHz was
measured at the lowest gain of 103.
The measured noise on the output of the ampliﬁer, at the highest gain
of 107 was 48 mV, equivalent to 4.8 nA of current at the input. Considering
that the minimum expected current in the LIGHT accelerator will be 320
nA, this noise is low enough to give a very good resolution, better than 1.5
%.
In summary, the results obtained by the measurements are close to the
design expectations, which should allow our ampliﬁer to provide a suitable
reading of the LIGHT beam current from the Faraday Cup. The commission-
ing of the LIGHT accelerator is scheduled to begin in March 2016 and I hope
this ampliﬁer can be a useful component of the beam diagnostics system.
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